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The share of electric power from small scale Distributed Generation (DG) connected to low 
voltage distribution networks (DNs) is increasing in the electricity market day by day as this 
technology is not only becoming cheaper relative to other resources but is also environmentally 
friendly.  However, along with these benefits, DG can also have an adverse impact on operation 
of the power systems. For example, voltage regulation, power system stability and protection 
coordination can be affected due to connection of DG to DNs. The purpose of this dissertation 
is to investigate the potential impact of DG on the protection setup of DNs and to suggest 
solutions to solve these problems for safe integration of DG.  
 
The thesis analyzes the potential impacts of DG on DN protection with the help of a case study 
of DG installation in a typical DN. The issues discussed include increase in the fault current 
level, blinding of protection, sympathetic tripping, reduction in reach of a distance relay, lack 
of detection of single-phase to ground (1LG) fault with ungrounded utility side interconnection 
transformer configuration and failure of a fuse saving scheme. In respect of the case study, 
practical and effective solutions that rely on conventional protection devices and practices, for 
example,  instantaneous  overcurrent  relay,  zero  sequence  voltage  detection  and  transfer  trip 
scheme are proposed. 
A novel protection strategy that combines the characteristics of both the time and instantaneous 
overcurrent elements along with a simple algorithm for adaptively changing the setting of the 
latter is proposed to ensure proper recloser-fuse coordination even in the presence of DG. 
Conventional  protection  schemes  face  serious  challenges  when  they  are  considered  for 
protecting an islanded microgrid having an inverter interfaced DG unit and need major revision 
in  order  to  detect  and  isolate  the  faulty  portion,  as  fault  currents  are  very  limited  in  such 
systems. Protection coordination issues including lack of sensitivity and selectivity in isolation 
of a fault can occur in a microgrid, especially in an islanded mode of operation. The thesis 
presents and critically reviews traditional and state of the art protection strategies in respect of a 
microgrid protection.  
Total harmonic distortion (THD) based islanding detection schemes that measure the output 
current THD of the inverter interfaced DG (IIDG) are discussed and the role of various factors 
like uncertainties in filter parameters, variations in the utility THD and the utility impedance on 
the performance of these schemes is investigated.  The simulation results show that the THD in 
the inverter output current may be affected (depending upon the design of the controller) by the 
variations in the utility THD and the utility impedance. Consequently, the working of THD 
based schemes may suffer if these factors are not taken into consideration while selecting the 
trip threshold. A large L2 (the inductor of the LCL filter facing the grid) can make the output 
current THD of the inverter less sensitive to variations in the utility impedance and, thus, makes 
the  selection  of  the  trip  threshold  easier.  Moreover,  through  simulations  it  is  shown  that 
electromagnetic compatibility (EMC) capacitors can also affect the islanding detection schemes 
used for IIDG as they can introduce a large increase in the output current THD of the inverter. CHAPTER 1   INTRODUCTION 
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alternative protection strategy is proposed that benefits from the characteristics of both 
time and instantaneous OC elements for maintaining RFC in a practical DN. Moreover, a 
simple algorithm is described to adaptively change the setting of the instantaneous OC 
element to ensure proper recloser-fuse coordination (i.e. fuse saving) under the worst fault 
conditions. 
 
Chapter  4  discusses  the  challenges  which  conventional  protection  schemes  may  face 
when they are considered for protecting an islanded microgrid with an IIDG. Protection 
coordination issues such as lack of sensitivity and selectivity in isolation of a fault can 
occur in a microgrid especially in an islanded mode of operation due to the availability of 
a limited short circuit current. The chapter presents and critically reviews traditional and 
state of the art protection strategies in respect of microgrid protection.  
 
In chapter 5, THD based islanding detection schemes i.e. schemes that measure the output 
current THD, for the IIDG are discussed and the role of various factors like uncertainties 
in filter parameters, variations in the grid (utility) THD and the grid impedance on the 
performance of these schemes is investigated.  The simulation results show that the THD 
in  the  inverter  output  current  may  be  affected  (depending  upon  the  design  of  the 
controller)  by  the  variations  in  the  utility  THD  and  the  utility  impedance  and, 
consequently, the working of THD based schemes may suffer if these factors are not 
taken into consideration while selecting the trip threshold. A large L2 (the inductor of the 
LCL filter facing the grid) can make the output current THD of the inverter less sensitive 
to variations in the utility impedance.  
Moreover, interactions between electromagnetic compatibility (EMC) capacitors and grid 
impedance are also discussed and their impact on performance (behaviour of the output 
current)  of  a  voltage  source  grid  connected  inverter  is  also  investigated  through 
simulations. These simulations show that EMC capacitors can also affect the islanding 
detection schemes used for IIDG as they can introduce a large increase in the output 
current THD of the inverter. The identification of the impact of EMC capacitors on the 
performance of an inverter is a novel contribution of this thesis. 
 
Finally, chapter 6 describes the conclusions and future work. 
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In  the  reference  section,  an  extensive  list  of  the  relevant  literature  is  included  in 
chronological order to guide the reader to the relevant material. 
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Mindful of the fact that recloser-fuse coordination has its limitations at higher fault levels 
i.e. for fault currents above a certain level, recloser operation can occur simultaneously 
with fuse blowing, an intelligent fuse saving scheme is described in [130]. An optimized 
TCC curve is developed that allows both fuse-blowing and fuse-saving in accordance 
with the fault current level. To this end, the custom fuse-save curve is truncated at the 
maximum coordination current (MCC) which is defined as the current where fuse saving 
can no longer be guaranteed by the recloser. According to this scheme, the fuse-saving 
TCC curve will be active only for a partial range of the available fault currents i.e. upto 
MCC. Tripping on the recloser fuse-saving curve will take place only when it can ensure 
fuse saving. In circumstances where fuse saving is not possible, the fast tripping operation 
of the upstream recloser shifts to a delayed curve to allow the fuse to operate. Thus, for a 
fault  beyond  the  fuse  and  with  the  fault  level  greater  than  MCC,  only  the  fuse  will 
operate. This will ensure that the recloser and fuse don’t operate for the same fault. If a 
high magnitude fault is on the main line i.e. on feeder LF1-1 in the network studied in this 
thesis, instead of being beyond a fuse, then a trip will be triggered on the delayed TCC 
curve of the recloser. 
 
The scheme has its merits but it has a down side too i.e. it will ensure fuse saving only 
over a partial range of available fault currents. The MCC will not be fixed as it will 
change depending upon the size, type and location of DG i.e. for the network studied in 
this thesis, MCC will vary depending upon number of the DG units at DG1 or DG2. 
Moreover, high magnitude faults on the main line will put more stress on the network 
components as they will be cleared by the recloser delayed curve instead of the fast curve.  
 
3.3.2.2 Adaptive relaying 
Adaptive protection is as an online activity that modifies the preferred protective response 
to  a  change  in  system  conditions  or  requirements  in  a  timely  manner  by  means  of 
externally generated signals or control action. References [131-133, 55, 134-140] discuss 
strategies  relying  on  an  adaptive  Ipickup  of  OC relays  to  detect  faults  (normal  or  high 
impedance) in DNs that otherwise remain undetected due to fixed settings of OC relays or 
due to introduction of DG into the network. Most of these strategies rely on modifying 
relay  settings  in  real  time  as  operating  conditions  of  the  system  change  i.e.  Ipickup  is CHAPTER 3: FUSE SAVING STRATEGY IN THE PRESENCE OF DISTRIBUTED GENERATION 
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updated  according  to  currently  available  short  circuit  current  and  actual  loading 
conditions. 
 
Adaptive protection schemes described in [54, 141], propose dividing the DN into various 
zones  with  a  reasonable  balance  of  load  and  DG  in  each  zone.  The  schemes  aim  at 
maintaining protection coordination while keeping most of the DG online during a fault 
by allowing islanded operation of DG. But due to the location of DG units with respect to 
the loads and the fluctuating nature of power from these units as well as of utility loads, it 
might  not  be  possible  to  establish  zones  that  fulfill  the  required  criteria.  Moreover, 
provision for islanded operation of DG is not desirable as according to present utility 
practice, islanding is not allowed. 
 
A  scheme  is  proposed  in  [142]  to  keep  protection  coordination  intact  during  a  fault 
without  creating  an  island  or  DG  disconnection  whilst  ensuring  that  the  conventional 
overcurrent protection devices i.e. OC relays, reclosers or fuses, don’t lose their proper 
coordination. But this scheme is intended only for meshed networks. 
 
3.3.2.3 Expert systems and agent based schemes 
Expert systems have been used to solve protection coordination problems in distribution 
systems in [143-145]. In [146], an expert system is applied as a decision tool to identify 
coordination problems when DG is connected to the network and to modify the settings of 
protection devices for improving the coordination in the new scenario. The principle of 
expert  systems,  which  essentially  mimics  human  experts,  is  to  solve  complicated 
problems by using knowledge base and inference processes whereas other approaches use 
data and programs. The expert system feeds input data using a graphical user interface 
and develops coordination settings based on power flow and short-circuit analyses. 
  
A multi-agent approach for achieving proper protection coordination in power systems in 
the presence of DG has been discussed in [147-149]. More simulation results will be 
helpful to evaluate the feasibility of the approach. In [150], an adaptive agent based self 
healing protection strategy is proposed and through simulation results of a power system 
with DG, it is shown that its performance is better than a traditional protection scheme. CHAPTER 3: FUSE SAVING STRATEGY IN THE PRESENCE OF DISTRIBUTED GENERATION 
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Figure 3.2:  Fault current magnitudes for a LLL fault at different lengths of LF1-1 for 
different values of M and N where M and N are numbers of DG units at DG1 and DG2 
respectively. 
 
The operating times (Top) of the recloser time OC phase element i.e. 51 and MMTs of the 
fuse for fault currents presented in Fig. 3.2 are shown in Figs. 3.3 to 3.6. A coordination 
time interval (CTI) of 0.1s (i.e.100 ms) is assumed to account for CB opening time, errors 
and tolerances in CTs and relays. This CTI seems reasonable as modern reclosers are 
capable of opening their contacts within two cycles. As described in [112], depending 
upon the size of the fuse, its melting time can be reduced upto 75% of its original melt 
time in case of repeated recloser operations. But since in the case understudy, only one 
reclose attempt is allowed, the phenomena of heat accumulation due to repeated recloser 
operations is not necessarily of concern here. Results for cases when M=1or 2 and N=10, 
are not included as in these cases conclusions are the same. Moreover, results for single-
phase to ground or two-phase to ground faults  are also not considered here as they are 
cleared  by  the  recloser  R3  ground  OC  time  element  i.e.  51N,  without  causing  RF 
miscoordination. 
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a fault, e.g., due to transformer inrush current or cold load start conditions. Its setting 
should be such that it operates only for faults upto the RP irrespective of the number of 
DG  units  connected.  Ipick-up  of  the  50  element  can  be  based  either  on  fault  currents 
calculated without considering DG contribution or on fault currents determined with DG 
contribution, as discussed in the following subsections. 
 
3.5.1.1 Ipick-up of the 50 element based on fault currents with no DG 
If the setting of the 50 element is done without considering the contribution from DG, it 
will underreach i.e. the area protected by the relay will reduce if, subsequently, DG is 
connected downstream of the recloser. For example, in the case study, Ipick-up of 1290A 
for  the  50  element  will  ensure  that  the  recloser  will  operate  for  the  reference  faults 
without DG connection as can be noticed from Fig. 3.3. With this setting, when DG is 
connected downstream of the recloser, then the latter, depending upon number of DG 
units connected, may not operate in the case of all the reference faults. It will operate only 
for faults occurring below the RP. For example, when M = 0 and N = 2, the fault current 
seen by the recloser for an LLL fault at the RP is only 1262 A, whereas the total fault 
current is 1486 A. In this case, the recloser will underreach. 
 
3.5.1.2 Ipick-up of the 50 element based on fault currents with DG connection 
If the setting of the 50 element is done with DG contribution taken into account, it will 
overreach  if,  subsequently,  DG  which  is  connected  downstream  of  the  recloser  is 
disconnected from the circuit. For example, in the case study, Ipick-up of 1095A for the 50 
element will ensure that the relay will operate for reference faults with DG connection. 
With  this  setting,  when  downstream  connected  DG  units  are  disconnected,  the  50 
element,  depending  upon  number  of  DG  units  disconnected,  may  operate  for  faults 
occurring beyond the RP and thus encroach into the area of the 51 element operation. For 
example, when all the DG units are disconnected, then the 50 element with Ipick-up of 
1095A will operate for faults upto 55% of LF1-1 length as can be noticed from Fig. 3.3 
i.e. it will overreach. 
   
Thus,  a  fixed  Ipick-up  of  the  50  element  based  either  on  fault  current  with  no  DG 
connection  or  based  on  fault  current  with  DG  connection,  has  its  limitations.  To CHAPTER 4: MICROGRID PROTECTION 
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after disconnection from the stiff medium voltage grid. This becomes even worse in the 
case  of  a  microgrid  where  most  of  the  microsources  are  connected  by  means  of  a 
converter that has a built-in fault current limitation. In most cases, the contribution of 
converter based microsources to fault current may be limited to twice the load current or 
even less than that [151]. Some of the overcurrent (OC) relays will be unresponsive to 
this low level of fault current; others that might respond will be delayed in their operation. 
The undetected fault situation can lead to high voltages not withstanding the low fault 
currents. Moreover, if the fault remains undetected for too long, it can spread through the 
entire system and can cause damage to equipment.   
 
In traditional power systems that have a generation source at one end of the network, the 
fault current decreases as the distance from the source increases. This happens as the 
impedance offered to the fault current increases as the distance of a fault from the source 
increases. This phenomenon is used for discrimination of devices that use fault current 
magnitude. However, in the case of an islanded microgrid having an inverter interfaced 
distributed generation (IIDG) unit, as the maximum fault current is limited, the fault level 
at  different  locations  along  the  feeder  will  be  almost  constant.  Hence,  the  traditional 
current based discrimination strategies would not work.  
 
In a microgrid, there are multiple DG sources located at different locations with respect to 
the loads, so the direction and  amplitude of short circuit  currents will  vary.   In fact, 
operating  conditions  of  a  microgrid  may  be  constantly  changing  because  of  the 
intermittent microsources (wind and solar) and periodic load variation. Also, a network 
topology  may  be  regularly  changed  for  loss  minimization  or  for  other  economic  or 
operational reasons. Moreover, controllable islands of different size and content may be 
formed as a result of faults in the main grid or inside a microgrid. In such circumstances, 
loss of relay coordination may occur due to variation in direction and amplitude of a short 
circuit  current.  A  general  OC  protection  with  a  single  setting  group  may  become 
inadequate, i.e. it may fail to ensure selectivity in isolation of a fault. 
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differentiate between a fault current and an overload current. Nuisance tripping might 
result whenever the system is overloaded. Traditional differential protection schemes, in 
some instances, are unable to differentiate correctly  between internal  faults and other 
abnormal  conditions.  Moreover,  mismatch  of  the  current  transformers  can  also  be  a 
source of malfunction.  
 
For the coordinated clearing of a fault in an isolated microgrid to ensure selectivity, it is 
important that different  distributed resources (DRs) can effectively  communicate with 
each  other.  To  this  end,  evolving  a  distribution  system  version  of  the  pilot  wire  line 
differential scheme (pilot wire is used to pickup fault conditions at a remote location) may 
be the need of the hour [151]. 
4.3.2   Use of a balanced combination of different types of DG units for grid connection 
Another way to ensure the proper protection of a isolated microgrid is to use  DG systems  
with synchronous generators or to use inverters having high fault current capability or to 
use  a  proper  combination  of  both  type  of  DG  units  so  that  conventional  protection 
schemes can be properly used. This combination will ensure large fault currents that can 
be detected by conventional protection schemes. Of course, for the large size inverter, you 
need large size power electronic switches, inductors and capacitors, etc, thus making the 
system expensive. It may be added that in the case of low voltage circuits, fault current 
should be at least three times greater than the maximum load current for its clearance by 
overcurrent relays.  
 
Directional relays can be used to clear the fault within the microgrid provided they see the 
fault current exceeding the maximum load current in their tripping direction. However, 
this is not always true as in the case of microgrids, faults are fed from different directions 
[151].   
 
The protection scheme for an islanded microgrid is heavily dependent on the type of the 
controller used for the inverter, as the controller actively limits the available fault current 
from  an  IIDG  [158,159].  This  fact  has  been  shown  in  the  said  literature,  where  two 
different controllers i.e. one using dq0 (direct axis, quadratic axis and zero sequence) 
coordinates and the other using three-phase(abc) coordinates, are employed to control a CHAPTER 4: MICROGRID PROTECTION 
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standalone four leg inverter supplying a microgrid. In both the cases, the fault current is 
quite  small  but  its  magnitude  is  different.  As  a  result  of  reduced  fault  current,  the 
overcurrent based protection schemes become less effective as they require more time to 
detect  and,  subsequently,  clear  the  fault  and  the  selectivity  of  protection  scheme  is 
reduced [156]. That’s why it is important to analyze the fault behavior of an IIDG system 
to understand the behavior of network voltages and currents so that a suitable protection 
scheme can be selected. One of the options to detect a fault in such a system is to make 
use  of  voltage  sequence  components.  It  is  possible  to  calculate  the  values  of  voltage 
source components for different types of faults since the theory of the interconnection of 
equivalent sequence networks in the event of a fault is applicable here [158]. 
4.3.3   Voltage based detection techniques 
Another  method  to  detect  low  magnitude  fault  current  is  to  make  use  of  the  large 
depression in network voltage in the event of a fault [160]. However, keeping in mind the 
small size of a microgrid (i.e. electrically small), the voltage depression might not have a 
sufficient gradient to allow for discrimination of the protection devices. This calls for 
measurement  of  some  other  parameter/s  to  supplement  the  undervoltage  based  fault 
detection. Simple device discrimination can be achieved by current detection along with 
definite time delays. 
 
This scheme, if adopted in a conventional system, will clearly subject the system to high 
stresses  due  to  delayed  clearance  time  (resulting  from  definite  time  delays)  in  the 
presence of a large fault current. However, as in the case of an islanded microgrid with 
IIDG, the fault current would be restricted, the definite time delay would not pose any 
serious problems. The duration of delays can be set on the basis of sensitivity of loads or 
generation  to  undervoltage.  Adequate  discrimination  paths  can  be  set  up  for  possible 
networks that can exist within a microgrid by selecting different delays for forward and 
reverse  direction  flow  of  the  fault  current.  Moreover,  this  protection  scheme  doesn’t 
require any communication between the relays for its implementation.   
 
The literature [156] proposes various voltage detection methods to protect networks with 
a low fault current. One of the suggested methods makes use of the Clarke and Park 
transformations [161] to transform a set of instantaneous three phase utility voltages into CHAPTER 4: MICROGRID PROTECTION 
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a synchronously rotating two axis coordinate system. The resultant voltage is compared 
with  a  reference  value  to  detect  the  presence  of  the  disturbance.  In  the  case  of  an 
unsymmetrical fault, the utility voltage ‘dq’ components have a ripple on top of the DC 
term. These components are first notch filtered and then compared with a reference for 
the detection of the disturbance. 
Another voltage detection method makes use of the fact that the sum of two squared 
orthogonal sinusoidal waveforms is equal to a constant value [162]. The necessary 90 
degree phase shift is achieved by passing each phase voltage through an all pass filter. 
The output is obtained by summing the squared values of the two signals for each phase 
and then compared with the reference after filtration to detect any disturbance.    
 
The above mentioned schemes have their limitations. The performance of the schemes 
can suffer due to time delays and filtering actions.  The time required for detection of 
faults in each case is different as it depends upon the type of the fault as well as on the 
magnitude of the voltage at the faulty feeder at the moment of the occurrence of the fault. 
Time delay is also introduced by filtering action.  
 
A novel scheme based on current traveling waves and bus voltages is proposed in [163] 
for the protection of a microgrid. In the said scheme, current traveling waves are used to 
identify a faulted feeder while the bus bar voltages are used to determine whether an 
event is caused by a fault or a switch operation. However, simulation results necessary to 
evaluate the authenticity of the scheme are missing. 
4.3.4   Employing adaptive protection schemes 
Adaptive protection schemes are presented as a solution for microgrid protection working 
either in grid connected or islanded mode. The basic philosophy behind these schemes is 
automatic  readjustment  of  the  relay  settings  when  the  microgrid  changes  from  grid 
connected to isolated mode and vice versa. In the case of islanded microgrid, the adaptive 
protection strategy can be used by assigning different trip settings for different levels of 
fault current which, in turn, are linked to different magnitudes of system voltage drops 
resulting  from  a  disturbance  in  the  system.  Also,  relay  settings  must  be  updated  in CHAPTER 4: MICROGRID PROTECTION 
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response to changes in a microgrid. Otherwise, relays may maloperate or in the worst case 
scenario, may fail to operate when required [164]. 
 
A protection strategy for a micro-grid operating either in an islanded mode or parallel 
mode is described in [165]. The sample microgrid is divided into four protection zones 
with the help of circuit breakers. Different fault conditions i.e. single phase to ground and 
phase  to  phase  faults,  are  simulated  in  different  zones,  and  results  are  presented  to 
confirm the validity of the scheme. However, this scheme has its downside. For selective 
clearance of the faults occurring in different zones, up-to-date knowledge of the loads and 
status of various zones of the microgrid is needed. As without this knowledge, the relay 
settings can’t be modified in accordance with the changing system conditions. 
 
As discussed earlier, a fault in the system can result in severe voltage depression in the 
entire network (due to low impedances within the network) in the case of an islanded 
microgrid with an IIDG unit. In such a scenario, selectivity can’t be assured with the use 
of voltage measurement alone. A possible solution may be the use of a voltage restrained 
overcurrent technique [156]. The logic scheme of that technique is shown in Fig. 4.1. A 
large  depression  in  voltage  (which  happens  mostly  in  the  case  of  a  short  circuit  as 
opposed to an overload) will result in the selection of a lower current threshold, this 
would effectively move the time-current characteristic down and thus tripping time would 
be reduced. In contrast to this, tripping times would be longer in the case of overloads, as 
small voltage depression would not be able to switch the scheme to the lower setting. 
Thus  the  system  would  retain  the  longer  time  setting  corresponding  with  long-term 
characteristics.  
 
This  scheme,  although  looking  promising,  has  its  drawbacks.  It  is  not  clear  how  the 
scheme will perform if  there is little difference in magnitude of a voltage depression 
resulting from short circuit and overload conditions. The scheme seems to make use of 
the principle of relays with inverse time characteristics i.e. the larger the fault current, the 
smaller  the  response  time.  Also,  long  clearing  times  in  case  of  faults  causing  small 
voltage drops pose the risk of fault currents spreading in the entire network. This can 
cause stress in the network.  CHAPTER 4: MICROGRID PROTECTION 
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    Figure 4.1: voltage restrained overcurrent protection scheme logic circuit 
 
4.3.5. Protection based on symmetrical and differential current components 
The literature [166] suggests the detection of a single phase to ground (1LG) and a phase 
to  phase  (LL)  fault  by  making  use  of  symmetrical  current  components.  Symmetrical 
components  consist  of  positive,  negative,  and  zero-sequence  quantities.  Basically, 
positive-sequence quantities are those present during balanced, three-phase conditions. 
Positive sequence quantities make up the normal voltages and currents observed on power 
systems  during  typical,  steady-state  conditions.  Negative-sequence  quantities  are  a 
measure of the amount of unbalance existing on a power system. Mostly, zero-sequence 
quantities are associated with ground being involved in an unbalanced condition. Since 
negative-  and  zero-sequence  quantities  are  usually  present  in  substantial  levels  only 
during unbalanced, faulty conditions on a power system, they are often used to determine 
that a faulty condition exists on a power system. Negative-sequence can be used to detect 
LL,  1LG,  and  phase-to-phase-to-ground  (LLG)  faults.  Zero-sequence  can  be  used  to 
detect 1LG and LLG faults. A threshold is assigned to each of the symmetrical current 
components  to  prevent  the  microgrid  protection  operating  under  unbalanced  load 
conditions.   
 
Lower tripping time 
characteristics are selected 
when a voltage depression 
occurs due to a fault    
Higher tripping time 
characteristics are selected 
when there is no big change in 
the voltage  CHAPTER 4: MICROGRID PROTECTION 
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 CHAPTER 6 CONCLUSIONS AND FUTURE WORK 
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Proper recloser-fuse coordination can be restored even in the presence of DG by making 
use  of  the  novel  fuse  saving  strategy  (proposed  in  Chapter  3)  that  combines  the 
characteristics of both the time and instantaneous OC elements (i.e. 51 and 50) along with 
a simple algorithm for adaptively changing the setting of the latter. 
 
Although  the  proposed  solutions  work  for  the  selected  network,  they  may  have  their 
limitations  when  applied  to  more  complex  meshed  networks.  The  setting  of  the  trip 
threshold  for  the  50  element  to  solve  the  problems  of  blinding  of  protection  and 
sympathetic tripping may be a delicate task, keeping in mind different inrush and starting 
currents of transformers and motors in a complex network. Similarly, it may be difficult, 
in practice, to adaptively set the 50 element to restore the recloser-fuse coordination (fuse 
saving scheme) as the difference between the various possible settings of the 50 element 
(depending upon the number of DG units connected) may be small for the conventional 
relay setting practice. 
 
The  solution  of  distance  relay  underreach  (caused  by  DG  connection)  involving 
readjustment of the relay zone settings has its downside, too. The distance relay can over 
reach if the DG units are, subsequently, disconnected from the network. As the distance 
between the various protective devices involved in the transfer trip scheme (designed for 
the case study for antiislanding protection) is small, the use of the transfer trip scheme 
may be economical and reliable. However, the cost and reliability may be an issue when a 
transfer trip scheme is applied for antiislanding protection in large complex networks. 
 
Protection coordination issues such as lack of sensitivity and selectivity in isolation of a 
fault, can occur in a microgrid due to the bidirectional flow of the fault current and the 
low short-circuit current level, especially in an islanded mode of operation. Conventional 
protection schemes are ineffective in protecting an islanded microgrid having an inverter 
interfaced DG (IIDG) and need major revision in order to detect and isolate the faulty 
portion  in  presence  of  limited  fault  currents  in  such  systems.  Innovative  protection 
schemes  and  strategies  relying  on  differential  relaying,  voltage  detection  techniques, 
adaptive relaying, and detection of symmetrical and differential current components may 
be used to solve these issues. CHAPTER 6 CONCLUSIONS AND FUTURE WORK 
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THD in the inverter output current may be affected (depending upon the design of the 
controller)  by  the  variations  in  the  utility  THD  and  the  utility  impedance  and, 
consequently, the working of the THD based islanding detection schemes may suffer, if 
these factors are not taken into consideration while selecting the trip threshold. A large L2 
(the inductor of the LCL filter facing the grid) can make the selection of the trip threshold 
more reliable and easier as it makes the output current THD of the inverter less sensitive 
to  variations  in  the  utility  impedance.  However,  with  a  large  L2,  the  filter  becomes 
expensive and bulky. 
 
Electromagnetic  compatibility  (EMC)  capacitors  can  have  an  impact  on  performance 
(behaviour of the output current) of a voltage source grid connected inverter as shown by 
the  simulation  results.  There  is  a  relationship  between  grid  impedance,  time  delay 
compensator  and  EMC  capacitors.  EMC  capacitors  and  grid  impedance  cause  some 
resonance frequencies to appear at the output voltage, if this voltage is used in the time 
delay compensator or in the feedforward loop, then the system becomes unstable. This 
factor, if not taken into consideration, will affect the working of the THD based islanding 
detection schemes. 
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inductor i.e. whether or not it reliably detects the islanding and to identify any issues that 
need to be taken care of to make it more reliable and practical. The working of the THD 
based islanding detection schemes also need to be investigated when multiple IIDG units 
with different control strategies are employed in a network. Moreover, the possibility of 
complementing THD measurements along with measurement of other parameters, like 
voltage or frequency, for islanding detection (i.e. a hybrid islanding detection scheme) 
should also be explored.  
 
The possibility of using THD based islanding detection schemes/setups for fault detection 
in a microgrid mode of operation should also be considered. It may be possible that the 
islanding detection setup may well also be used as/or part of a protection scheme for a 
microgrid mode of operation. This will reduce the cost of the protection setup.  
 
 
More  investigations,  involving  mathematical modeling  and  simulations, are  needed to 
appreciate the full significance of the relationship between grid impedance, time delay 
compensator and EMC capacitors and their impact on the performance (behaviour of the 
output current) of a grid connected inverter. This exercise will help in making the THD 
based islanding detection schemes more effective and reliable.  
 
To  solve  the  protection  coordination  issues  caused  by  DG  connection  to  meshed 
networks, that may not be solved by application of the traditional protection practices and 
approaches proposed in the thesis, modern ideas and techniques like;       
 
￿  adaptive protection schemes,  
￿  phasor measurement units (PMUs) that rely on a global positioning system 
(GPS)  time  signal  for  extremely  accurate  time-stamping  of  the  power 
system information [222-223], and  
￿  intelligent protection systems i.e. expert systems and multiagent systems 
[143-149],  
 